Plant architecture is a key agronomical factor determining crop yield and has been a major target of cereal crop domestication. The transition of plant architecture from the prostrate tiller of typical African wild rice (Oryza barthii) to the erect tiller of African cultivated rice (Oryza glaberrima) was a key step during domestication of African rice. Here we show that PROG7 (PROSTRATE GROWTH 7), a zinc-finger transcription factor gene on chromosome 7, is required for the prostrate growth of African wild rice. Mutations in the promoter region of prog7 reduced the level of gene expression in the tiller base, leading to erect growth in African cultivated rice. Sequence comparison and haplotype analysis show that 90 varieties of cultivated rice from 11 countries carry the same mutations in the prog7 region. A strong signal in a 60-kb genomic region was detected around the prog7 gene, suggesting that the region was under strong positive selection during the domestication process. Identification of the PROG7 gene provides new insights into the molecular basis of plant architecture in crops and facilitates investigation of the history of domestication of African rice.
INTRODUCTION
Crop domestication is the process of genetic reshaping of wild species to meet human needs (Doebley et al., 2006) . Several morphological characteristics, such as plant architecture, seed size and dispersal, have been changed during domestication (Tan et al., 2008; Lin et al., 2012; Pourkheirandish et al., 2015; Wu et al., 2017) ; this has been called 'domestication syndrome'. The identification of genes controlling domestication-related traits will provide insight into the rules of parallel domestication of crops (Paterson et al., 1995; Meyer and Purugganan, 2013) .
Rice is an important staple food for nearly half of the world's population. Two cultivated rice species, Oryza sativa and Oryza glaberrima, were domesticated independently from the AA genome wild Oryza rice in Asia and Africa (Harlan et al., 1976; Khush, 1997; Vaughan et al., 2003; Huang et al., 2012; Zhang et al., 2014; Meyer et al., 2016) . Compared with wild progenitors, the two cultivated rice species share a common set of morphological characteristics, such as loss of seed shattering, an erect growth tiller and short awn or awnless seed (Doebley et al., 2006; Sweeney and McCouch, 2007; Glemin and Bataillon, 2009 ). This suggests that such characteristics make a significant contribution to agricultural production. The identification of genes controlling the domestication traits of these two cultivated rice species provides insight into the rules of parallel domestication of crops. For instance, loss of seed shattering was a key step during rice domestication (Konishi et al., 2006; Li et al., 2006; Lin et al., 2007) . Recent studies have suggested that the non-shattering characteristic resulted from the selection of different sh4 mutant alleles during the domesticated of both Asian and African rice (Wang et al., 2014; Huang et al., 2015; Wu et al., 2017) .
Plant architecture is also a critical target of domestication (Jin et al., 2008; Tan et al., 2008) . Wild rice species, including Oryza rufipogon and Oryza barthii, typically show a prostrate growth habit with more tillers and larger tiller angles than cultivated rice. The prostrate plant architecture of wild rice may contribute to repressing the growth of weeds and make the plant more tolerant to trampling in natural habitats. The erect growth architecture of cultivated rice, however, will increase planting density and improve grain yield. The gene leading the transition from the plant architecture of Asian wild rice to that of Asian cultivars has been identified and cloned (Jin et al., 2008; Tan et al., 2008) , while the molecular genetic basis controlling the transition of African rice plant architecture remains to be elucidated.
Here, we describe the isolation and characterization of a gene leading to domestication of plant architecture in African rice, PROG7 (PROSTRATE GROWTH 7), which encodes a zinc-finger domain transcription factor located on chromosome 7. We show that variations in the promoter region of the prog7 gene reduced its expression level and led to an erect plant architecture during African rice domestication.
RESULTS

Comparison of the plant architecture of W1411 and IRGC104165
To identify the gene resulting in the transition from the typical plant architecture of African wild rice to that of African O. glaberrima cultivars, an F 2 segregating population was developed from a cross between an Africa wild rice accession W1411 (IRGC100119) with a prostate tiller and an Africa cultivated rice variety IRGC104165 with an erect tiller ( Figure 1 ). Tiller bud formation and tiller growth in IRGC104165 occurred later than in W1411 in the early seedling stage (Figure 1a ). W1411 produced more tillers and showed a wider tiller angle than IRGC104165 (Figure 1b -e, j) after the tillering stage. Further observation of a longitudinal section of the tiller base showed that W1411 exhibited symmetric development of the tiller base with similar length between its near-ground and far-ground borders (Figure 1f,h ). However, IRGC104165 exhibited an obviously asymmetric tiller base with a longer near-ground border than far-ground border (Figure 1g ,i).
Fine-mapping and cloning of PROG7
Genetic linkage analysis with 150 F 2 individuals generated from a cross between IRGC104165 and W1411 showed that 40 of them had erect tillers like IRGC104165 (3:1 ratio, x 2 = 0.22, P > 0.05), suggesting that prostrate growth of African wild rice is controlled by a dominant locus. We mapped it between simple sequence repeat markers RM20972 and RM481 on the short arm of chromosome 7, designated as O. barthii Prostrate Growth 7 (ObPROG7) (Figure 2a ). Using a total of 3650 recessive homozygous plants with an erect plant architecture phenotype from the F 2 population and five newly developed markers, we ultimately delimited ObPROG7 within a 9.5-kb region between the M2 and M1 markers (Figure 2b ). This region contained only one predicted gene, OglabAA_FGT23542, according to the reference genome of O. glaberrima IRGC96717 (var. CG14), which encodes a C2H2-type zinc-finger domain transcription factor. Thus, we proposed that OglabAA_FGT23542 is the candidate gene for PROG7.
To verify whether OglabAA_FGT23542 is the candidate gene for PROG7, we developed a genomic construct (pPROG7) using a 2.512-kb fragment from W1411 containing the entire OglabAA_FGT23542 gene (Figure 2c ). Because it is very difficult to regenerate shoots from the callus of IRGC104165, we introduced the pPROG7 construct into a chromosome segment substitute line GIL28, which contained a small region containing the OglabAA_FGT23542 gene from African rice under the genetic background of the Asian cultivated rice variety Taichung65 ( Figure S1 in the online Supporting Information). All 12 independent transgenic lines showed a larger tiller angle and many tillers (Figure 2d-f) . These results indicated that OglabAA_FGT23542 was indeed PROG7.
Subcellular localization and expression pattern of PROG7
The PROG7 protein was predicted to encode a transcription factor, and has a nuclear localization signal. To confirm this prediction, we fused the full-length PROG7 to the C terminus of green fluorescent protein (GFP). The PROG7-GFP fusion protein was transiently expressed in onion epidermal cells and the GFP signal was detected to be exclusively localized in the nucleus, implying that PROG7 is a transcription factor (Figure 3a ,b).
We examined the expression pattern of ObPROG7 using quantitative RT-PCR (qRT-PCR) and found that ObPROG7 was mainly expressed in the tiller base (TB), young leaf (YL), leaf sheath (LS), pulvinus (PL), spikelet (SP) and lamina joint (LJ), but not in the root (R) (Figure 3c ). Furthermore, the expression of PROG7 was higher in W1411 than in IRGC104165 in the organs where expression was detected. To determine more precisely the spatial expression patterns of ObPROG7 during development, we performed mRNA in situ hybridization. The strong PROG7 RNA signal was detected in the axillary meristems and the shoot apical meristem (SAM) (Figure 3d ,e), which is consistent with its role in controlling tiller angle and number in rice.
Mutations in the promoter region of prog7 led to erect plant architecture in cultivated rice
Comparing the coding and 1.7-kb 5 0 -flanking regions of PROG7 in W1411 and prog7 in IRGC104165, we detected six [four single-nucleotide polymorphisms (SNPs) and two indels] and 35 (30 SNPs and five indels) mutation sites in the encoding region and 5 0 -flanking region, respectively ( Figures S2-S4 ). The transcriptional level of PROG7 in W1411 was higher than that in IRGC104165 (Figure 3c ), implying that the mutation in the regulatory region of prog7 may affect its function. We developed a chimeric vector driving the prog7 gene under the control of the W1411 PROG7 promoter. After introduction of this chimeric prog7 gene into GIL28, we also found that the transgenic plants exhibited prostrate growth compared with the vector control (Figure 4a -c). Furthermore, we overexpressed the prog7 allele from IRGC104165 in GIL28. The transgenic lines also exhibited a prostrate plant architecture phenotype (Figure 4d-g ). These results suggested that mutations in the promoter region rather than the coding region of prog7 led to an erect plant architecture in cultivated rice.
Evidence of positive selection on prog7 region in O. glaberrima
To determine the diversity level of the prog7 locus among African cultivated rice, we sequenced the coding regions and the 1.7-kb upstream regions of 90 erect-growth cultivated rice varieties and nine wild rice accessions with prostrate-growth. We found that all 90 varieties harbored identical sequences to prog7 in IRGC104165 (Tables S1   and S2 ), while the nine accessions of wild rice contained the same, or similar, sequences as PROG7 in W1411. These surprisingly low diversity levels among sequenced cultivars suggested that the same favorable mutant prog7 allele might have been selected and fixed early during African rice domestication. Systematically comparing the upstream regions from these 90 varieties and nine wild rice accessions revealed that 11 mutation sites might be responsible for loss of prog7 function (Table S1 ). It is expected that the selection process for a favorable mutant allele would greatly affect genetic diversity, not only at the selected gene locus but also at its surrounding genome regions. To assess the impact of artificial selection on the genome level, we investigated SNP sites on the whole of chromosome 7 relative to genome-wide patterns, using SWEED software (Pavlidis et al., 2013) . Public data from 94 accessions of O. barthii and 113 O. glaberrima varieties were screened using a composite likelihood ratio (CLR) approach to compare cultivated rice with wild rice. As shown in Figure 5 , a strong signal in a genomic region of 60 kb was detected around the PROG7 gene in African cultivated rice; this was also detected by Huang et al. (2015) . These results suggest that this region was under strong positive selection during the domestication process.
The prog7 of O. glaberrima is identical to prog1 of O. sativa Interestingly, our previous study indicated that the PROG1 gene controls the transition of plant architecture from the prostrate growth of O. rufipogon to the erect growth of cultivated rice during Asian rice domestication (Tan et al., 2008) . Both PROG7 and PROG1 belong to the zinc-finger domain transcription factor family and are located on the short arm of chromosome 7. We therefore compared the genomic regions between prog1 in O. sativa and prog7 in O. glaberrima, and found that most of the gene arrangements were conserved near the prog1 and prog7 loci ( Figure S5 ). These results imply that prog7 in O. glaberrima might be identical to prog1 in O. sativa.
DISCUSSION
The two cultivated species, O. sativa and O. glaberrima, evolved independently in parallel in Asia and Africa, respectively (Sarla and Swamy, 2005; Wang et al., 2014) , providing an opportunity to study the genetic basis of parallel domestication. The transition from prostrate to erect growth habit was a critical domestication event. In this study we identified the PROG7 gene, which controls plant architecture by regulating tiller angle and tiller number in African rice, and found that variations in the promoter region of this gene reduced its expression level in the tiller base, resulting in the erect stature of African cultivated rice. All the cultivated rice cultivars investigated had the same prog7 allele, indicating that the prog7 mutant allele was of single origin and had undergone strong artificial selection during the domestication of African rice. This is consistent with the results of genome re-sequencing studies (Wang et al., 2014) . Our previous study indicated that the PROG1 gene controls the transition of plant architecture from the prostrate growth of O. rufipogon to the erect growth of cultivated rice during Asian rice domestication (Tan et al., 2008) . Both PROG7 and PROG1 belong to the zinc-finger domain transcription factor family, located in almost the same region on rice chromosome 7. The protein sequence similarity between prog1 in Asian cultivated rice and prog7 in African cultivated rice, however, is only about 35%, although the zinc finger domain is conserved ( Figure S6 ). This result suggests that domestication of African cultivated rice was independent of that of Asian cultivated rice. Our previous studies reported that the non-shattering characteristic resulted from the selection of different sh4 mutant alleles in domesticated of both Asian and African rice (Lin et al., 2007; Wu et al., 2017) . In the present work we found that the transition of plant architecture from the prostrate growth of wild rice to the erect growth of cultivated rice also resulted from the same locus during Asian and African rice domestication. The same gene can also undergo parallel selection in multiple crop species. For example, it was reported that different mutations of the ortholog of the Sh1 gene were under parallel selection for the domestication of seed shattering in sorghum, rice and maize (Lin et al., 2012) . These results suggested that independent evolution of phenotypes in different species was due to the selection of different variations at the same gene, which is very important for understanding the mechanism of parallel domestication in crops. 
EXPERIMENTAL PROCEDURES
Plant materials
The F 2 segregating population was generated from a cross between W1411 (O. barthii) and IRGC104165 (O. glaberrima). GIL28 for genetic transformation was selected from a set of introgression lines with IRGC104038 (O. glaberrima) as the donor and Taichung65 (O. sativa var.) as the recipient. Information on the origin of the 90 O. glaberrima varieties and nine accessions of O. barthii is given in Table S3 .
Primers
The primer sequences used in our research are listed in Table S4 .
Vector construction
The complementary vector was generated by placing a 2.512-kb genomic fragment from W1411 into pCAMBIA1300, which contained the entire PROG7 open reading frame (ORF) (0.567 kb), the promoter region (1.636 kb) and the 3 0 -untranslated region (0.309 kb). The pUBI::prog7 and chimeric prog7 vector (pPROG7:: prog7) harbored the ORF of prog7 from IRGC104165 under the control of the UBI promoter and PROG7 promoter (1.636 kb in front of ATG), respectively. The three vectors were transformed into GIL28.
Phenotype observation
We surveyed the phenotype of the segregated population during the tillering stage. We investigated the tiller angle and tiller number of 15 individual W1411 and IRGC104165 plants every 10 days, from 30 to 80 days after sowing. For transgenic plants, 15 individual plants from three independent positive transgenic lines of these vectors were used to measure phenotype during the tillering stage.
Subcellular localization
The PROG7 coding sequence without the stop codon of W1411 was fused to the N-terminal of GFP driven by the 35S promoter. The constructed vector was bombarded into onion epidermal cells using a helium biolistic device (Bio-Rad PDS-1000, http://www.biorad.com/). The nuclei were dyed with 4 0 -6-diamidino-2-phenylindole (DAPI) and observed with an Olympus FV1000 fluorescence microscope (https://www.olympus-lifescience.com/).
RNA extraction and qRT-PCR
Total RNA was extracted using TRIZOL reagent (Invitrogen, http://www.invitrogen.com/) and purified using an RNeasy Plant Mini Kit (Qiagen, http://www.qiagen.com/) following the manufacturer's instructions. First-strand cDNA synthesis was carried out using a BcaBEST RNA PCR Kit (TaKaRa, http://www.takarabio.com/). Quantitative RT-PCR was performed with the firststrand cDNA as the template. Endogenous ubiquitin transcripts were used to normalize the expression levels. Quantitative RT-PCR was performed on an ABI Prism 7900 Sequence Detection System (Applied Biosystems, http://www.thermofisher.com/) using SYBR Green. Each set of experiments was repeated three times.
In situ hybridization experiment
A 471-bp fragment of PROG7 cDNA was amplified and used as the template to generate sense and antisense RNA probes. We fixed the tissues and carried out RNA in situ hybridization as described previously with minor modifications (Coen et al., 1990; Li et al., 2003) .
The sequencing data
The next-generation sequencing data for 94 O. barthii samples were downloaded from the Sequence Read Archive (SRA) of NCBI with GenBank accession numbers SRX502162-SRX502255, and the sequencing data for the 113 O. glaberrima samples were also downloaded from the SRA of NCBI with GenBank accession numbers SRX502298-SRX502317 and SRX1637366-SRX1637458 (Wang et al., 2014; Meyer et al., 2016) .
DNA sequencing data analysis and SNP calling
The DNA re-sequencing data of all the samples were checked to perform quality control by FastQC, and then all the reads that passed the quality control were aligned by BWA to the reference sequence, the O. glaberrima genome version of Oryza_glaber-rima.AGI1.1.31; alignments were sorted and duplicate reads were removed using Picard tools (Li and Durbin, 2009; McKenna et al., 2010) . Finally SNP calling used the genome analysis toolkit (GATK) HaplotypeCaller with the default parameters. For the SNP set in 207 samples, the filtering settings were as follows: DP >16 200, QD <2.0, FS >60.0, MQ <35.0, MQRankSum <À12.5, ReadPosRankSum <À8.0; 13 million SNP sites passed the filter.
Selection sweep analyses
To detect selective sweep regions, the CLR test was used in SWEED (Pavlidis et al., 2013) , with a parameter grid of 5000. A total of 177 842 SNPs were input into the SWEED program; these SNPs were filtered from the full SNP set of 13 million, with the filtering settings of genotyping rate >80% and minor allele frequency >5%.
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